Transfection of cells with short double-stranded synthetic DNA molecules that contain a transcription factor binding site, known as decoy oligodeoxynucleotides (ODNs), has been proposed as a novel approach in vitro and in vivo for the study of gene regulation and for gene therapy. Once delivered into cells, decoy ODNs are predicted to bind to nuclear transcription factors, preventing their binding to consensus sequences in target genes. Using a fluorescein-labeled decoy ODN containing a consensus sequence for the AP-1 transcription factor, we show that lipid-complexed decoys were readily transfectable into cells, but were consistently detectable in the cytoplasm and not in the nucleus. The same phenomenon was observed in three different cell lines including KB-3, CHO and MDA-MB-231. The AP-1 decoy ODNs failed to inhibit the transcriptional activity of an AP-1-dependent luciferase reporter.
INTRODUCTION
Transfection of cells with short double-stranded synthetic DNA molecules that contain a transcription factor binding site, known as decoy oligodeoxynucleotides (ODNs), has been proposed as a novel approach in vitro and in vivo for the study of gene regulation and for gene therapy [Reviewed in (1, 2) ]. This approach is particularly attractive because it has the potential to specifically target transcription factors and block their ability to activate target genes. The success of this new class of compounds depends on several factors including cellular uptake efficiency, intracellular stability, cellular toxicity and non-specific effects. Several delivery vehicles have been explored to achieve efficient uptake including different lipid formulations, hemagglutinating virus of Japan (HVJ)-liposome complexes or pressure-mediated transfection (1) . Since the initial report of decoy development that targeted E2F transcription factors (3), numerous transcription factor decoy ODNs have been developed including those for activator protein-1 (AP-1) (4), cyclic AMP response element (CRE) (5), nuclear factor kappa B (NFkB) (6) and CCAAT/enhancer binding protein (C/EBP) (7) . Many of these agents appear to elicit cellular effects. For example, it was reported that AP-1 decoy ODNs have growth inhibitory effects on vascular smooth muscle cells in vitro (8) and neointimal formation in vivo (8, 9) , and similar effects were observed with E2F decoy ODNs (10) . CRE decoy ODNs were shown to inhibit cancer cell growth in vitro and in vivo (5) , and NFkB ODNs inhibited cytokine expression and synovial cell proliferation (11) .
Demonstration of specificity is clearly of paramount importance. Specificity is often documented by preparing nuclear extracts from transfected cells and observing an inhibition of oligonucleotide probe binding in electrophoretic mobility shift assays. However, this does not constitute proof that the decoy ODN inhibited transcription factor binding in the nuclei of transfected cells, but only that the decoy ODN is present in nuclear extracts prepared from these cells. This is an important distinction because nuclear extracts made under standard conditions are relatively crude and are likely to be contaminated with other organelles. Inhibition of transcription factor activity by decoy ODNs can also be examined by reporter assays. However, in many studies, the ability of the decoy ODN to block transcriptional activity in vivo was not demonstrated (5, 9, (12) (13) (14) (15) . Another key requirement is to demonstrate efficient cellular uptake and nuclear localization of the decoy ODN. Cellular uptake is often monitored by fluorescence microscopy, and this can allow an evaluation of uptake efficiency. However, few if any reports on decoy ODNs have definitively proven localization to the nucleus, and in one study, NFkB ODNs were efficiently delivered to cells but were localized in the cytoplasm (16) .
We have shown previously that c-Jun induction is a key cellular response to vinblastine treatment (17) . Our intention was to utilize the decoy ODN approach to block vinblastineinduced c-Jun/AP-1 activity in human KB-3 carcinoma cells in order to elucidate its role. We show here that AP-1 decoy ODNs were efficiently taken up by the cells but were consistently detectable in the cytoplasm, and not in the nucleus of the transfected cells. Cytoplasmic AP-1 decoy ODNs also failed to block nuclear localization of c-Jun or affect its ability to regulate a target gene. We suggest that nuclear translocation of decoy ODNs is an important and underappreciated limiting factor that should be carefully confirmed before data derived from such experiments are interpreted.
MATERIALS AND METHODS

Cell lines
KB-3 human carcinoma, a HeLa subline, Chinese hamster ovary (CHO) and MDA-MB-231 human breast carcinoma cell lines were maintained in monolayer culture at 37 C and 5% CO 2 in DMEM (KB-3) or a-MEM (CHO, MDA-MB-231) supplemented with 10% fetal bovine serum, 2 mM glutamine, 50 units/ml penicillin and 50 mg/ml streptomycin. For MDA-MB-231 cells, the medium also contained 0.01 mg/ml insulin.
AP-1 decoy oligodeoxynucleotides
Synthetic, single-stranded, HPLC purified, phosphorothioate ODNs specific for AP-1, together with matching mutated ODN as a control, were purchased from Integrated DNA Tehnologies, Inc. (Coralville, IA). The sequences of the single-stranded ODNs were as follows: 5 0 -AG*CTTGTGACTCAGAAG*C*T-3 0 for the AP-1 wild-type, and 5 0 -AG*CTTGAATCTCA-GAAG*C*T-3 0 for the AP-1 mutant (the consensus and the corresponding mutated sequences are underlined, and * denotes a phosphorothioate modification). Double-stranded 19mer ODNs (5 mM) were prepared in annealing buffer (10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA) by melting at 95 C for 5 min followed by cooling to room temperature for 2 h. Annealing was verified by 20% polyacrylamide gel electrophoresis ( Figure 1 ).
Transfection of AP-1 decoy ODNs
Approximately 1.5 · 10 5 cells/well were plated in 12-well plates one day before transfection. When 50-60% confluent, cells were transfected with 100 nM AP-1 ODNs in 0.5 ml transfection volume and in the presence of 2 ml Oligofectamine reagent following the manufacturer's instructions (Invitrogen, Carlsbad, CA). Efficient transfection required the presence of medium containing serum and without antibiotics. After 4 h incubation at 37 C in a 5% CO 2 incubator, 250 ml normal growth media was added to each well. Cellular extracts were prepared 24 h post-transfection, as described below. In some experiments, cells were treated with 30 nM vinblastine 6 h after transfection. Each experiment included transfection with wild-type AP-1 decoy ODN or mutated AP-1 decoy ODN, with untransfected cells as an additional control. The same protocol was used for all cell lines. For the other transfection reagents used, the protocols are available as Supplementary Material.
Fluorescence microscopy
ODNs were labeled with 5-carboxy fluorescein using the Label IT Nucleic Acids Labeling Kit (Mirus Corp., Madison, WI). Cells (1.5 · 10 5 ) were grown on sterile cover slips in 12-well plates and incubated with 100 nM fluorescein-labeled AP-1 ODN in the presence of 2 ml Oligofectamine reagent/0.5 ml medium/well. Fresh medium (0.25 ml) was added after 4 h incubation and the slides were prepared for examination 12, 24 and 48 h post-transfection. Briefly, cells were washed twice with phosphate-buffered saline (PBS), fixed for 20 min in 4% paraformaldehyde solution and then washed three times with PBS. In order to visualize nuclear DNA, the fixed cells were incubated for 5 min with 0.3 mM 4,6-diamidino-2-phenylindole (DAPI) (Molecular Probes, Eugene, OR) and rinsed three times for 5 min in PBS. The coverslips were mounted using Vectashield mounting medium (Vector Laboratories, Burlingame, CA). Fluorescent images were digitally photographed using an Axioskop2 wide-field deconvolution fluorescence microscope (Carl Zeiss, Thornwood, NY) with fluorescein (excitation, 492 nm; emission, 518 nm) or DAPI (excitation, 360 nm; emission, 460 nm) filter sets from Chroma Technology Corp. (Rockingham, VT). The images were acquired with Axiovision software Version 3. Uptake efficiency was estimated by comparing the number of cells exhibiting green fluorescence with the total number of cells in four independent fields, representing approximately 500 cells in total for each condition.
Electrophoretic mobility shift assay AP-1 decoy ODNs were biotin-labeled using the Biotin 3 0 End DNA Labeling Kit (Pierce Biotechnology, Rockford, IL) and labeling efficiency of 75% was verified by dot blot analysis (data not shown). For electrophoretic mobility shift assays (EMSA), a non-radioactive LightShift Chemiluminescent EMSA Kit TM (Pierce Biotechnology) was used. Binding reactions contained 20 fmol biotin-labeled ODN, 9 mg KB-3 cell nuclear extract (18) , 50 mg/ml poly (dIÁdC), 5% glycerol, 0.05% NP-40, 5 mM MgCl 2 in the presence of binding buffer (10 mM Tris-HCl, pH 7.5, 50 mM KCl, 1 mM DTT). Competition reactions contained a 200-fold molar excess of unlabeled DNA. After 20 min incubation at room temperature, electrophoresis was performed using 6% polyacrylamide DNA retardation gels (Invitrogen, Carlsbad, CA) and then transferred to a positively charged nylon membrane (Immobilon-NY+) (Millipore Corp., Bedford, MA). After UV cross-linking, detection was performed with streptavidin-HRP conjugate antibody following the manufacturer's protocol.
AP-1-dependent luciferase assay
Approximately 1.5 · 10 5 cells/well were plated in 12-well plates one day before transfection. The next day, cells were cotransfected with 7 X pAP-1-Luc (Cat # 219073, Stratagene, La Jolla, CA) and pRL-TK (Cat # E2241, Promega Corp, Madison, WI) in a 10:1 ratio using Lipofectamine Plus Reagent (Invitrogen, Carlsbad, CA) and following the manufacturer's protocol. The next day, the wild-type and mutated AP-1 ODN decoys were introduced into cells using the protocol described above. To stimulate AP-1 activity, cells were treated with 12-O-tetradecanoylphorbol-13-acetate (TPA) for 16 h and luciferase activity of cell lysates was determined using the Dual-Luciferase Assay System from Promega (Madison, WI). Both luciferase activities were measured using a TD-20/20 Luminometer and AP-1 activity was normalized to Renilla activity. The results are expressed as AP-1 Firefly luciferase/Renilla luciferase activity ratios and represent the means of measurements from triplicate wells -SD from two independent experiments.
Cell extraction and immunoblotting
Whole-cell extracts were prepared as described previously (17) and nuclear and cytoplasmic subcellular fractions were prepared using extraction kits from Active Motif (Carlsbad, CA). Protein concentration was measured and normalized using the Bio-Rad protein assay. Immunoblotting was performed as described previously using 60 mg/lane (18) . Antibodies to c-Jun (H-79), ERa (MC-20), actin (I-19) and caspase-3 (sc7148) were from Santa Cruz Biotechnology (Santa Cruz, CA); antibody to p53 was from NeoMarkers (Fremont, CA).
RESULTS AND DISCUSSION
Double-stranded AP-1 decoy ODNs were prepared as described in Materials and Methods and analyzed by gel electrophoresis for purity and integrity ( Figure 1A) . To confirm the binding ability, electrophoretic mobility shift assays were performed. As shown in Figure 1B , a retarded band was observed when the AP-1 decoy ODN was incubated with nuclear proteins from KB-3 cells, which have been shown previously to exhibit AP-1 binding activity (18) . A 200-fold molar excess of wild-type ODN out-competed AP-1 binding to the biotinylated probe, demonstrating specificity.
KB-3 cells were transfected with fluorescein-labeled AP-1 decoy ODNs. Uptake efficiency, determined as described in Materials and Methods, was routinely 80% under standard transfection conditions and was similar for both wild-type and mutated ODNs (Figure 2A and B) . Closer inspection of the cells revealed however that the fluorescent signal was extranuclear, and most often appeared in a distinctive perinuclear pattern perhaps associated with the endoplasmic reticulum or Golgi apparatus ( Figure 2C ). This extranuclear localization was evident at both early (12 h) and late (48 h) time-points of transfection, and thus did not represent an eventual fate of the ODN.
To further assess whether the AP-1 decoy ODNs were able to modulate AP-1 transcriptional activity, we used an AP-1-dependent luciferase reporter assay, as described under Materials and Methods. TPA-stimulated AP-1 luciferase activity was readily observed in cells, and was unaffected by the AP-1 decoy ODNs, using either the wild-type or mutated AP-1 decoys. The results are available as supplementary data Figure 3 . Effect of AP-1 decoy ODNs on vinblastine-mediated c-Jun induction, nuclear expression and function with respect to p53 downregulation. KB-3 cells were either untreated or treated with vinblastine (30 nM, 16 h) in the presence or in the absence of the wild-type or mutated AP-1 decoy ODNs (100 nM, 6 h prior to vinblastine) as indicated. (A) Whole-cell extracts were prepared, subjected to SDS-PAGE and immunoblotted with antibodies to c-Jun or actin as a loading control. (B) Nuclear (n) and cytoplasmic (c) extracts were prepared and subjected to SDS-PAGE and immunoblotting with c-Jun-specific antibody. Estrogen receptor-a and procaspase-3 expression were monitored as nuclear and cytoplasmic markers, respectively. Reduced levels of procaspase 3 were observed with vinblastine treatment due to processing of the cleaved form not evident on the gel. (C) Whole-cell extracts were prepared, subjected to SDS-PAGE and immunoblotted with p53-specific antibody. Actin was used as a loading control.
( Figure S1 ) and are fully consistent with our observation of extranuclear decoy localization.
Because the main aim was to inhibit vinblastine-induced c-Jun function, we reasoned that the decoy ODNs, although not localized to the nucleus, might still be effective if they were able to inhibit c-Jun synthesis or to sequester newly synthesized c-Jun. Treatment of KB-3 cells with vinblastine resulted in increased protein expression of c-Jun, as previously described (17) , and this was unaffected by prior transfection with AP-1 decoy ODNs ( Figure 3A) . In order to determine whether the AP-1 decoy ODNs affected nuclear localization of c-Jun, KB-3 cells were treated with decoy ODNs and then treated with vinblastine, and nuclear and cytoplasmic fractions were prepared. Immunoblotting for estrogen receptor-a and procaspase-3 was performed as nuclear and cytoplasmic markers, respectively ( Figure 3B ). It is evident that the induced c-Jun was mainly located in the nuclear fraction and that the decoy ODNs had no effect on nuclear localization of the induced c-Jun following vinblastine treatment ( Figure 3B) . One of the main roles of c-Jun is to transcriptionally downregulate p53 expression (19) , and we have shown that p53 downregulation is one of the key functions of vinblastine-induced c-Jun in KB-3 cells (17) . As shown in Figure 3C , vinblastine caused downregulation of p53 expression as expected, and this was unaffected by the AP-1 decoy ODNs. These results demonstrated that the AP-1 decoy ODNs were ineffective and were unable to inhibit the transcriptional activity of c-Jun, in keeping with their nonnuclear location.
In order to demonstrate whether these results were more generally applicable, two other cell lines were examined. Upon transfection of CHO cells, green fluorescent AP-1 decoy ODN was observed intracellularly, but was clearly distinct in location from DAPI-stained nuclei ( Figure 4 , panels a, b and c). Similarly, in MDA-MB-231 cells, punctuate green fluorescence was distinct from nuclear DNA staining ( Figure 4 , panels d, e and f). In both cases, an occasional cell with coincident green and blue fluorescence, representing nuclear localized decoy ODN, was observed. A representative CHO cell, with merged color and phase-contrast imaging, is shown in Figure 4 , panel g, and serves to emphasize the non-nuclear localization of the AP-1 decoy ODNs.
Several other DNA delivery reagents were utilized to achieve nuclear uptake of the decoy ODNs. Thus, we used Polyfect Transfection Reagent (Qiagen) that is an activateddendrimer; Transfectin Lipid Reagent (Biorad) that is a mixture of cationic compound and a co-lipid (1,2-dioleoyl-snglycero-3-phoshoethanolamine); and Fugene 6 Transfection Reagent (Roche Applied Science) that has a non-liposomal formulation. For each formulation, we observed intracellular but extranuclear decoy localization in KB-3 cells, although uptake efficiency was lower when compared with our standard Oligofectamine method. No green fluorescence was observed in cells transfected with Fugene 6 reagent.
In conclusion, we have shown that AP-1 decoy ODNs are readily transfectable into cells, but fail to localize to the nucleus in the majority of transfected cells using several transfection reagents commonly utilized for this purpose. Similar results were found for three different cell lines, suggesting that this is not a cell-specific phenomenon. Cytoplasmic localization of NFkB decoy ODNs has also been reported (16) , suggesting that this finding is not limited to AP-1 decoy ODNs. In KB-3 cells, the AP-1 decoy ODNs were ineffective at blocking AP-1-dependent transactivation and c-Jun function induced by vinblastine. These results suggest that nuclear translocation of decoy ODNs is a further limiting factor in their use. Many studies of decoy ODNs have not reported subcellular localization and have not demonstrated specific inhibitory effects on transcription. Therefore, the reported biological effects may be non-specific in nature. We suggest that nuclear localization should be confirmed before data derived from such experiments are interpreted, and that this represents an important complement to experiments demonstrating inhibition of transcriptional activity in vivo.
